Structures and energies of stoichiometric 3(111) [110], 3(112) [110], 5(201)[010], and 5(301) [010] symmetrical tilt grain boundaries are determined in the tetragonal ferroelectric PbTiO 3 using a combination of first-principles electronic-structure calculations and atomistic shell-model-potential simulations. The focus is on grain boundaries, which are ferroelectric domain walls at the same time. A main result is that it is energetically preferential for a 180
I. INTRODUCTION
For actuator and sensor applications, ferroelectric perovskite oxides such as PbTiO 3 (PTO) or Pb(Zr,Ti)O 3 (PZT) are frequently used as functional materials for their superior piezoelectric and dielectric properties. They are often produced in the form of polycrystalline ceramics with relatively fine grain structure (≈5 μm) and even finer ferroelectric domain structure (≈100 nm) appearing within grains, where so-called domain walls create interfaces between regions with differently oriented spontaneous ferroelectric polarization. The large electromechanical response of these materials originates in gradual reversal of spontaneous polarization and spontaneous deformation by shifts of domain walls under external electric fields or mechanical loads. Defects of different types, which are always present in real materials, can pin the domain walls or fix the spontaneous polarization inside the ferroelectric domains, affect the local switching properties, and consequently influence the macroscopic performance of the material. In polycrystalline materials with small grains, the grain boundaries are characteristic structural defects that may provide pinning sites for domain walls. At the same time the mobility of ferroelectric domain walls is considered as a key factor in macroscopic performance of perovskite ferroelectric ceramics. It is therefore interesting to study the interaction of domain walls (DWs) with grain boundaries (GBs) in ferroelectric materials.
Experimental observations of the atomic structure of GBs using high-resolution transmission electron microscopy (HRTEM) revealed atomically sharp interfaces of 3 and 5 GBs in SrTiO 3 (Refs. 1-6) (STO) and other perovskites. 7 Boundaries, which appear to be curved and irregular at the macroscale, facet at the microscale in order to decrease the interface energy by creating low-energy boundary segments with low Miller indices.
Theoretical atomic-level studies of GBs in ionic materials are still rare in contrast to metals and semiconductors. This is owing to long-range electrostatic interaction causing mutual interference between interfaces, and consequently requires larger supercells to produce reliable results. Properties of GBs and slip planes in STO (Refs. [8] [9] [10] [11] [12] [13] as well as DWs in PTO (Refs. [14] [15] [16] [17] were recently studied computationally using first-principles methods of density-functional theory (DFT). In both cases, a very good compliance with existing experimental findings has been found.
The topic of this paper is to study the interplay of GBs with DWs for the case of the tetragonal ferroelectric PTO, which is considered as a model material of the technologically more important PZT. We present a detailed atomic-level study of the 3(111) [110] , 3(112) [110], 5(201) [010], and 5(301) [010] GBs, some of them being DWs simultaneously. The paper is organized as follows: The details on the firstprinciples calculations, atomistic simulations, and considered GB structures are given in Sec. II. The main result of our study-interface energies of GBs and their dependence on polarization arrangement in the adjacent grains-is presented in Sec. III. Sections IV and V are devoted to the discussion and to a final conclusion, respectively.
II. METHOD

A. Construction of supercells
For GBs in PTO, an additional complication compared to previous studies of GBs in STO consists in the appearance of spontaneous ferroelectric polarization and tetragonal deformation of the unit cell. Each of the studied interfaces can be a GB and a DW at the same time and may therefore also be mechanically incompatible owing to the different spontaneous ferroelectric strain on either side. It can be pictorially seen in the case of a 3(111)[110] GB, where the trigonal symmetry perpendicular to the interface present in the cubic phase is broken in the tetragonal phase [an equilateral coincidence-sitelattice (CSL) triangle turns into an isosceles triangle]. Owing to the large spontaneous deformation of PTO, 15 such interfaces could not exist as perfect planes without other structural defects such as dislocations, etc. Therefore, we restrict the considered GB to mechanically compatible interfaces, 18 where the projection of the spontaneous strain tensor to the plane of the GB (DW) is the same for both adjacent grains (domains). Furthermore, we only take into account electrically neutral head-to-tail spontaneous-polarization arrangements in the wall and do not consider charged tail-to-tail or head-to-head walls. It is known that charge-neutral walls (zero net charge across a DW) are electrostatically preferred to charged walls in a perfect material. In the real situation, the charged head-to-head or tail-to-tail domain walls may be compensated by charged defects.
These restrictions lead to just each one possible GB + DW species for the GB 3(111) (71
• DW) and 3(112) (55
• DW). The 5 GB allow for four interface species, as schematically depicted for 5 (201) in Fig. 1 • . For clarity of the notation, we omit the tilt axis, which is [110] for both 3 GBs and [010] for both 5 GBs, in the further denomination of interfaces.
The calculations for GBs were performed using atomistic supercells with periodic boundary conditions, where each supercell contains two grains separated by two structurally equal interfaces. For convenience, we introduce a uniquenew coordinate system, which more clearly determines directions with respect to the studied supercell. The x axis is the direction along the long dimension of the supercell perpendicular to the GB plane, and the y axis is [110] for both 3 GBs and [010] for both 5 GBs. Finally, the z axis complements the local orthogonal coordinate system. The supercells are constructed of 12, 16, 16, and 20 PTO formula units for 3(111), 3(112), 5(201), and 5(301), respectively. The number of PTO formula units in each supercell is chosen such that the GBs have approximately same distance of ∼13Å between interfaces in all considered cases. In addition to this, we also study the 3(112) with 18 formula units and 5(201) with 20 formula units in order to discuss the convergence of the interface properties with respect to their mutual distance. The equality of the two interfaces in the supercell is guaranteed by a linking operation of symmetry, as summarized in Table I . [The symmetries for 3(112) given in Table I hold for the 16-formula-unit supercell. The symmetries for the 18-formula-unit supercell are E, C 2x , m y + (0,0.5,0), and m z + (0.5,0.5,0).] Owing to the periodicity of the supercell, the studied interfaces do not depend on the choice of a termination plane. One Pb atom in the initial configuration is always placed at x = 0 and owing to the symmetry also one at x = L x /2. 
Some consideration is necessary whether the chosen separation of the GB in the supercell is sufficient to prevent their undesired interaction. This would lead to an inconsistency in comparison with a real material, where the interfaces are much more distant. Meyer and Vanderbilt 14 considered properties of DWs in PTO calculated by DFT for supercells with different DW separations. They showed that the energies of the 180
• and 90
• domain walls are not fully converged for a DW separation of up to 12Å, but come quite close to the converged values. Similarly, the properties of GBs in STO were calculated with the supercell setup. 11 For the 3(111) a GB separation of 6.68 and 13.36Å was considered. For 3(112), a separation of 9.45 and 18.89Å was taken into account. In both cases the differences in relaxed total energies were rather small, indicating that even the smaller supercells are sufficiently converged with respect to the interface separation. In our study the minimum separation is ∼12Å for a 5(301) GB.
In order to make the structure optimization with large supercells manageable, the structures are prerelaxed using atomistic shell-model-potential simulations, and the positions of atoms are then refined using first-principles DFT calculations.
B. Shell-model-potential simulations
For the classical simulations we use interatomic shellmodel potentials (SMPs) as proposed by Dick and Overhauser 19 with Buckingham-type short-range overlap repulsion and van der Waals attraction, electrostatic interaction between cores and shells, and nonlinear springs between each core and its corresponding shell. The shell model provides enough degrees of freedom to properly reproduce the tetragonality of the PTO and atomic displacements, leading to the appearance of a spontaneous ferroelectric polarization. The parametrization by Shimada et al., 15 which we use here, is adjusted to first-principles target data and is therefore suitable for the combined approach of atomistic simulations and first-principles calculations utilized in this work. Moreover, this parametrization proved to yield energies and thicknesses of 180
• domain walls, which are close to those from first-principles DFT calculations. 15 All atomistic simulations with SMP for GBs were conducted using the simulation package GULP. 20 The positions of atoms were relaxed until all forces were smaller than 0.01 eV/Å.
Equilibrium lattice parameters of PTO obtained with the SMP are a = 3.8535Å, c = 4.0642Å, and the fractional z coordinates of positions of atoms in the unit cell are u z (Pb) = 0.0000, u z (Ti) = 0.5297, u z (O 1 ) = 0.6186, and u z (O 2 ) = 0.0910 (cf., e.g., Table 3 in Ref. 23 ).
C. First-principles DFT calculations
First-principles total energy calculations based on the DFT within the local-density approximation (LDA) were performed using the mixed-basis pseudopotential method (MBPP), 21 employing norm-conserving pseudopotentials 22 and a mixedbasis set [23] [24] [25] [26] of plane waves with a cutoff energy of 340 eV, and localized functions. Explicitly treated valence states were 6s, 5d, 6p for Pb, 3s, 3p, 3d for Ti, and 2s, 2p, 3d for oxygen. The LDA exchange-correlation functional parametrized by Perdew and Zunger 27 was used. The Brillouin-zone integrations were carried out with Monkhorst-Pack meshes 28 appropriate for each particular studied species [with the exception of the 3(111) interface, for which a corresponding Moreno-Soler 29 grid was employed]. For all GB calculations, the density of points in the k space roughly corresponds to a 6 × 6 × 6 Monkhorst-Pack k-point mesh of a single-crystal calculation. A 0.2-eV Gaussian broadening was applied. 30 The positions of atoms were relaxed until the forces were less than 0.05 eV/Å.
Both DFT calculations and SMP siumulations were performed with supercells based on equilibrium lattice parameters of PTO determined by DFT-LDA, a = 3.8558Å and c = 4.0480Å. The fractional z coordinates of atoms in the PTO unit cell from DFT-LDA are u z (Pb) = 0.0000, u z (Ti) = 0.5299, TABLE II. Lateral GB dimensions L y , L z and initial GB separation L x /2 perpendicular to the interface for supercells with different numbers of formula units (f.u.). The cross-section area of the supercell is S = L y L z [with the exception of 3(111), for which S = (L y L z )/2-cf. Fig. 3(a) ] is used in the calculation of the interface energy. The dimension L x is subsequently optimized, and L y and L z are fixed to the given bulk values in the calculations. 
D. γ surfaces for grain boundaries
While macroscopically the interface configuration is already determined by specification of the type of GB, the additional microscopic degree of freedom consists in mutual shifts of the two halves of the bicrystal with respect to each other. Some of the shifts are energetically preferred. In order to avoid getting stuck in one of (possibly multiple) local-energy minima, 11 which may appear for different mutual translations of grains, we use SMP simulations to systematically evaluate energies for different shifts, and to determine the energetically most preferred state. The resulting energy maps are known from bulk dislocation simulations as γ surfaces or "generalized stacking faults energy" surfaces. 32, 33 We evaluate the γ surfaces for all four considered interfaces. In the following, the displacement vector t consists of two components representing y and z components of the shift in fractions of L y and L z . For each shift, the bicrystal supercell is constructed and the two grains are displaced rigidly along the interface plane with respect to each other. The initial position t = (0,0) is defined by the Pb atom in plane x = 0 being in y = 0 and z = 0. Atomic relaxations from this initial configuration are constrained to the direction x perpendicular to the GB plane for atomic cores. Shells are allowed to relax in all directions within the symmetry constraints prescribed in Table I for a particular GB.
Positions of atoms are strongly distorted in the region of a GB, as compared to the perfect crystal. Void spaces appear and also regions with atoms closer to each other than in a perfect structure. Strong repulsion between the close atoms causes the GB to expand perpendicular to the interface. The GB expansion is defined as the excess volume of a GB per unit area. This is taken into account in the calculations by optimizing the dimension L x of the supercell perpendicular to the GB simultaneously with relaxation of atomic positions. Dimensions L y and L z of the supercell in the GB plane, kept fixed to the bulk values, represent the constraint of the bulk grain. The interface energy of the GB is determined as
where E GB and E bulk are the total energy of the supercell with the GB and that of the bulk PTO crystal with the same number of formula units, and S is the cross-sectional area of the interface in the supercell. The factor 2 in the denominator reflects the presence of two equivalent interfaces in the supercell.
III. RESULTS
A. γ surfaces for grain boundaries
We first determine the microscopic mutual shift of grains. The obtained γ surfaces for selected variants of GBs are shown in Fig. 3 . For the 3(111) GB there is only one energy minimum for t ≈ (0,0.05) [ Fig. 3(a) ]. The 3(112) shows two local minima denoted by "1" for t ≈ (0,0.05) and "2" for t ≈ (0,0.40) [ Fig. 3(b) ]. This is consistent with theoretical predictions for STO, where two similar minima have been found. 11 In the following we consider the GBs corresponding to both minima. In the case of 5(201)
53
• we observe two minima: 1 for t ≈ (0,0.75) and 2 for t ≈ (0.5,0.02) [ Fig. 3(c) ]. For simplicity, because the GB 2 cannot be made without a DW in the supercell approach (see symmetry considerations below), we restrict our investigation to only the minimum denoted by 1. Finally, both minima, 1 for t ≈ (0,0.32) and 2 for t ≈ (0,0.90), obtained for 5(301) 37
• [ Fig. 3(d) ], are taken into account in the following calculations. Careful inspection of the energy maps reveal some very shallow metastable states in γ surfaces, as, for example, for displacement fractional displacements t ≈ (0.5,0.6) for 3(111), or t ≈ (0.5,0.75) for 5(301) 37
• . Both these local minima are more pronounced in the STO simulated with SMP using the parametrization from Ref. 37 , and the former was reported, e.g., in Ref. 38 . In this work we do not take these shallow minima into account.
The γ surfaces obtained for other variants of the 5 interfaces are qualitatively similar. The minima are shifted slightly along the y axis in the case of the 180
• DW, corresponding to the lack of the m y symmetry [cf. Fig. 1(c) ]. In the case of the 5 GB without a DW [ Fig. 1(d) ] the situation is slightly more complicated. Missing m y symmetry in this case does not allow to investigate the whole 2D energy surface, but only its 1D profile along the y axis for 5(201) • DW stems from the fact that while the C 2x operation is preserved for all shifts in the y-z plane for the other GB (cf. Table I), in case of both 0
• GBs the m z symmetry relating the two GBs is only present for shifts along the z direction, but is broken for shifts with a nonzero y component. Consequently, the two interfaces are not equivalent for such shifts and cannot be simply treated within the supercell approach. Nevertheless, because for the 5 GB the only minima discussed here are along the z direction, this does not restrict the studied cases any further. 
B. Structure optimization of grain boundaries
Owing to the restriction of the atomic relaxation to the direction perpendicular to the interface, the obtained minimum energies on the γ surfaces give only an estimate of the true positions of atoms at the GBs and their energies. Dimension L x and positions of atoms for the minimum-energy structures obtained in the preceding procedure were therefore subsequently optimized using the SMP.
Because of the known limitation of SMP to yield quantitatively correct energies, 11, 13, 35 we further refined the internal coordinates of atoms by means of DFT calculations. The GB separations from the SMP simulations were kept constant. The optimized GB excess expansions (i.e., the change in length with respect to the initial values of L x /2 given in Table II) as well as GB energies obtained using both approaches are given in Table III .
IV. DISCUSSION
From Table III it follows that the atomistic SMP simulations provide only estimates for interface energies, and in general they underestimate the DFT values. Nevertheless, some details of energies, concerning, e.g., different variants of a particular interface, are well reproduced. The SMP-optimized structures were found to be a reasonable approximation for the DFToptimized structures and accelerated the DFT calculations significantly.
The GB energy of the 3(111), γ SMP = 143 mJ m −2 , is understimated as compared to γ DFT = 375 mJ m for variant 1 is considerably smaller than the value obtained for variant 2 and also for the corresponding GB in STO, where almost the same energy was reported for both 1 and 2. Surprisingly, the obtained grain expansion of ∼0.13Å for both variants of the 3(112) GB in PTO is close to 0.14-0.19Å, reported for 3(112)(0,0) GB in STO in Ref. 11 . The energies from the SMP for 3(112) in PTO scale well with the DFT values, and a very good agreement is found for both 16-and 18-formula-unit calculations. In variants 1 and 2 of 3(112) as well as in the case of 3(111), the interface energy is smaller in PTO than in STO. Apart from different material-specific interactions between atoms, this is probably owing to the lower symmetry of PTO and consequently a less confined structural optimization, leading to lower energies (namely, the mirror-glide plane that is coplanar with the GB in STO is not present in PTO).
Interface energies obtained for a 5(201) GB turned out to be similar for all studied variants with the exception of 5 (201) 53
• , where the energy calculated with DFT is by ∼100 mJ m −2 smaller. It is interesting to compare energies of this interface with the 180
• DW at the GB and with the DW far away from it. It is remarkable that both SMP simulations and DFT calculations predict a smaller or approximately same energy if the 180
• DW lies at the GB compared to the GB without a DW (here denoted as 0
• ). In order to make the proper comparison of energies of the DW at the GB and far away from it, the energy of the wall must be added to the GB without DW. In Ref. 13 • DW in PTO is rather isotropic with respect to the orientation of the DW plane as long as the wall stays electrically neutral. Therefore, it is reasonable to expect that even the energies of the [201] and [301]-oriented 180
• DW will be similar. The energy of the [100] 180
• DW calculated with the SMP used in this work is γ 180 • = 139 mJ m −2 . Adding the energy of the 180
• DW to the GB without DW leads to even higher energies by ∼112 mJ m −2 and 139 mJ m −2 for configurations with DW outside the GB (DFT and SMP results, respectively).
A very similar tendency was obtained for a 5(301) GB with and without the 180
• DW. The interface energy for the GB without a DW is similar for variant 1 or even larger for variant 2 as the energy of the corresponding interface with the 180
• DW. Considering the interface energy of the 180
• DW alone, as stated above, it follows that even in this case the DW prefers to stay in the region of the GB.
This consistent behavior of the 180 • DW at both 5(201) and 5(301) GBs indicates that the presence of a DW at a GB may lead to an even more efficient structure relaxation of the interface. These findings represent perhaps the most interesting result of this study, because they offer a scenario for DW pinning by GBs: If a 180
• DW resides in the vicinity of a GB and is free to move (e.g., driven by an external electric field or a mechanical load), its trapping in the region of the 5 GB will lead to an energy gain of the system. Hence, a DW cannot easily escape from the GB after the external driving force is removed. Alternatively, the edges of 180
• DWs can be immobilized by a present domain pattern at the 5 GB. Fig. 4 .
In order to discuss the behavior of the spontaneous ferroelectric polarization in the vicinity of the GB+DW, we use formal charges (Pb 2+ , Ti 4+ , and O 2− ) to evaluate the local spontaneous polarization P s in DFT-optimized configurations. The bulk PTO structure from DFT leads to P s = 0.50 C m −2 . This value significantly differs from P s = 0.88 C m calculated with the Berry-phase approach, 37 which is owing to the strong underestimation of the dynamical charge of Ti and O atoms in the direction of the tetragonal axis. However, this procedure with the formal charges, which allows only a crude approximation of the real polarization profile, is adopted here in order to facilitate the evaluation of the spontaneous polarization in the strongly deformed unit cells close to the GB, where it is difficult to assign a tetragonal c axis and to attribute relevant Born effective charges to individual atoms. Nevertheless, major features of the polarization profile are sufficiently reproduced even with this simple method.
Owing to a strong distortion of the perovskite structure, it was not possible to evaluate the spontaneous ferroelectric polarization in the core region of the GB itself, but only in adjacent complete perovskite unit cells • DW at a GB formed by a combination of 5 facets known from STO. The GB forms a DW at the same time along its whole length. An applied external electric field prefers the shaded ferroelectric domains, which grow at the expense of the oppositely oriented domain. Thick solid lines represent the GB, thin dashed lines the original position of the 180
• DW, and thin solid lines the shifted DW under influence of the external electric field. Arrows indicate the direction of motion of the DW. If the DWs moved at their crossing point with the GB, a segment of GB without a DW would be created, which is energetically unfavorable. Therefore, the edges of this 180
• DW are likely well pinned.
The origin of the x coordinate in the polarization profiles is shifted to the middle of the supercell.
Inspection of the obtained profiles shows that the spontaneous polarization is strongly disturbed in the vicinity of GBs because of strong deformation of the crystallattice. most cases the ferroelectric polarization approaches its bulk spontaneous modulus and orientation at the center of the grain (domain), although the finite-size effects are still not small [e.g., in Figs. 6(b) and 6(c)]. This is caused by the very small length of dimension L x of the supercell and by the fact that the L x is taken directly from SMP simulations and not further refined with the DFT. This may cause an undesired remanent strain in the supercell, leading to a change in ferroelectric polarization, which is quite sensitive to such effects (cf. Ref. 34) .
It turned out that for both variants of 5(301)
37
• and 5(301)
143
• the used grain separation L x /2 is not yet sufficient to produce reliably the structure of the DW. Because the basic features of the γ surface are determined by mutual positions of ions in the GB (cf. Table III) we evaluted this γ surface for STO with a well-tested rigid-ion potential. 11, 34 Both γ surfaces for PTO and STO agree well, with the exception that the energy minimum corresponding to t ≈ (0.5,0.75) is more pronounced in STO. Therefore, we are confident that the γ -surface 5(301) 37
• in Fig. 3(d) properly describes the energy profile for mutual shifts of grains. Surprisingly, in a DFT study of a 5(301) GB in STO, Imaeda et al. 12 found the most stable configuration in the γ surface for 0.5Å to shift in direction y. Nevertheless, similar two minima in the m y symmetry plane were reported, with their distance corresponding well to our results.
Polarization profiles obtained for 5(201) for supercells with 16 and 20 formula units are plotted on top of each other in Fig. 8 . The apparently good agreement between the polarization in both supercells indicates that, despite the fact that the bulk polarization is not exactly attained in the interior of domains between interfaces, the ferroelectric polarization in the vicinity of the GB is already converged reasonably well in the smaller supercell. In the same plot we also compare the A possible mechanism for pinning of DWs by GBs has been analyzed and discussed here for particular cases of the 180
• DW and the 5(201) and 5(301) GB. Nevertheless, it can be expected that the obtained results are indicative of a more general tendency of a DW to get pinned by a GB.
V. CONCLUSION
We have investigated four stoichiometric, electrically neutral, and mechanically compatible symmetrical tilt GBs in tetragonal ferroelectric PTO, namely, 3(111), 3(112), 5(201), and 5(301) GBs, and their coexistence with ferroelectric DWs. We used the atomistic shell-model-potential simulations to evaluate the γ surfaces, which determine the microscopic translations of grains with respect to each other. Energies of locally (meta)stable GB configurations were further refined by means of DFT calculations. Some (meta)stable configurations, which were identified in the γ surfaces [such as the minimum 2 in the case of 3(201)], were nevertheless disregarded here for simplicity and may be worth investigating further.
The interfaces 3(111) and 3(112) in PTO have slightly smaller interface energies than the corresponding interfaces in STO.
3,11 For 5(201) and 5(301) it was possible to directly compare energies of a GB with and without a ferroelectric DW. It was shown that the 180
• wall energetically prefers to reside at these GBs. The energy gained by trapping of such a DW at a GB is similar to the interface energy of the wall itself. This provides a possible mechanism for pinning of DWs by GBs. Although finite-size effects are not yet fully avoided in the region between interfaces with the employed supercells of still rather small sizes, we are confident that the important aspects of the interplay between GBs and DWs is demonstrated properly with the chosen model supercells and will remain valid for supercells with a larger separation of the GB. The used shell-model-potential parametrization 15 reproduces well the structural properties of GBs in good accordance with the DFT results.
Our results indicate the tendency of extended planar "defects," such as DWs, to be attracted by other structurally extended defects, namely, GBs. Similar behavior is known to determine mechanical and electrical properties of materials via segregation of point defects or pileups of line defects at the GB (e.g., change of conductivity at the GB in STO, embrittlement of metals owing to impurities, 38 or pinning and pileup of lattice dislocations at the GB in metals 39 ). We propose this type of pinning mechanism for DWs to be taken into account in future considerations about microscopic origins of the macroscopic properties of ferroelectric perovskite oxides.
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